Introduction
In the developing nervous system, proper axon outgrowth and pathfinding are essential for neurons to reach their final destination and establish precise neuronal circuits. Extracellular guidance signals including guidance cues, growth factors, and cell adhesion molecules, are responsible for directing the navigation of the growth cone (GC) of an extending axon through the modulation of cytoskeleton dynamics including fi lamentous (F) actin and microtubules (MTs), fundamental cytoskeleton components of GC motility [1] [2] [3] [4] [5] [6] [7] . Research in the past two decades has gained signifi cant knowledge of the functional importance of actin dynamics in axon guidance, which has been the focus of several excellent reviews [3] [4] [5] [6] . Here, we review recent studies examining direct modulation of MT dynamics in axon outgrowth and guidance.
MTs in the GC
The GC is the specialized, highly-motile tip of an extending axon, probing extracellular guidance signals and leading axon projection along specifi c pathways in the developing nervous system [1] [2] [3] . The GC has two general regions:
the central (C) and peripheral (P) regions, and forms two kinds of protrusions: filopodia, finger-like projections, and lamellipodia, flat sheet-like protrusions [3] [4] [5] 8] (Fig. 1 ).
These regions and protrusions of the GC are dynamic and persistently undergo shape changes in vivo, depending on both actin and MT dynamics in the GC. MTs are polarized hollow polymers of tubulins assembled by the lateral interaction of 11-15 protofilaments, in which α/β tubulin heterodimers hold together in a head-to-tail fashion. In general, MTs are bundled together in the axon shaft, whereas some are defasciculated crossing the C region of the GC as single MTs [9] (Fig. 1 ). In the C region of the GC, MTs may be relatively straight or form prominent loops, while some occasionally invade the P region as well as fi lopodia [9] . Individual MTs in the GC are pioneered by their plus ends, the fast-growing ends that favor polymerization compared to the minus ends [5] . MTs in the GC spontaneously switch between phases of growth and shortening, a behavior termed dynamic instability, which may function as a direct sensor to control GC steering [10] .
Role of α-and β-Tubulin in Axon Guidance
The importance of tubulin isotypes in axon guidance has emerged from recent discoveries of patients carrying mutations in genes encoding α-and β-tubulin (e.g.
TUBA1A, TUBB2B, TUBB3
, and TUBA8) [11] [12] [13] [14] . In addition to classic lissencephaly and hypoplasia of the hippocampus, cerebellum, and brainstem, brain malformations in patients harboring TUBA1A mutations include partial or complete absence of the corpus callosum and commissural fiber tracts, as well as hypoplasia of the internal capsule and corticospinal tract associated with dysmorphic basal ganglia [15, 16] . Mutations of TUBB2B or TUBA1A are associated with both lissencephaly and polymicrogyria [16, 17] which have in common axon-guidance defects including partial or complete agenesis of the corpus callosum and the internal capsule [12, 16] . Patients with homozygous deletions in TUBA8 have extensive polymicrogyria, callosal anomalies, and optic nerve hypoplasia [18] . Missense mutations in TUBB3, encoding the neuron-specifi c β-tubulin isotype III, result in various neurological disorders, such as ocular motility disorder, congenital fibrosis of the extraocular muscle type 3, facial paralysis, intellectual and behavioral impairments, and axonal sensorimotor polyneuropathy [13, 14] . Fetopsy and imaging studies have demonstrated that TUBB3 mutations cause a spectrum of axonal-projection defects such as agenesis or hypoplasia of the commissural axon tracts, the corticospinal tract, the anterior commissure, and oculomotor nerves [13, 14] .
The TUBB3 R262C/R262C knock-in mouse model reveals axonguidance defects in commissural axons and cranial nerves [14] , in which the anterior commissure is thinned and/ or absent and the corpus callosum is composed of stalled commissural axons adjacent to the midline compared to the wild-type mouse [14] . In addition, knockdown of TUBB3 inhibits spinal cord commissural axon outgrowth and causes their misguidance, suggesting that TUBB3 is specifi cally involved in commissural axon projection [19] . All tubulin isotype mutations (e.g. TUBA1A, TUBB2B, TUBB3, and TUBA8) commonly cause a generalized defect in axon guidance ( Table 1 ), indicating that MTs play an essential role in controlling axon outgrowth and projection during brain development. The disease-associated tubulin isotype mutations impair tubulin heterodimer formation and alter MT instability [11, 13, 14] , further suggesting that modulation of MT dynamics is required for proper axon guidance.
Modulation of MT Dynamics during GC Steering
Although the major function of MTs has been thought to be to consolidate and provide mechanical support to GC steering initiated by actin dynamics, an increasing number of studies suggest that they play an essential and instructive role in GC behavior [4, [30] [31] [32] [33] . For example, dynamic MTs are oriented and stabilized preferentially in the direction of the GC turn, and distal dynamic MT ends in the P region of the GC are required for GC repulsion at substrate borders [32] [33] [34] . During adhesion-mediated GC steering of Aplysia bag-cell neurons, dynamic MTs in the P region explore adhesion sites prior to changes [15, [20] [21] [22] [23] [24] [25] [26] [27] p . [12, 16, 17, [27] [28] [29] p. G98R, L117P, G140A, S172P, [13, 14] p. R62Q, G82R, T178M, E205K, in GC behavior and retrograde actin flow [35] . Laminin/ integrin signaling promotes directional MT assembly and stabilization in axon development [36] . Combination of L1, laminin, and EphB alters the MT organization and distribution in paused retinal GCs, with increased numbers of MTs that extend into the P region of the GC and fi lopodia [7] .
Disruption of MT dynamics in the GC by MT-stabilizing or destabilizing drugs completely abolishes both the GC attraction and repulsion induced by diffusible cues, such
as Netrin-1 [30] . The local stabilization of MTs in one side of the GC, using the focal pipette application approach or direct focal photoactivated release of the MT-stabilizing drug taxol, induces GC attraction toward the side of application [37] . Disruption of MT stabilization on one side of a GC, using the MT-disrupting drug nocodazole, is suffi cient to induce GC repulsion (turning away from that side) [30] .
Intriguingly, the application of low concentrations of taxol promotes MT polymerization at plus ends and enhances axon outgrowth in vitro and in vivo via MT stabilization [38] .
These studies suggest that intrinsically polarized MT dynamics in the GC may initiate and instruct the axon projection in response to extracellular guidance cues. Bath incubation with Semaphorin 3A (Sema3A) decreases MT exploratory behaviors in the GC and collapses MTs into the MT loop, whereas Netrin-1 causes opposite changes in MTs, increasing their splaying in the GC and axon shaft [31] .
Wnt3a rapidly reduces the rate of axonal extension and subsequently increases GC enlargement and pausing in vitro through changes in the organization of MTs [39] .
Time-lapse imaging reveals that Wnt3a regulates MT directionality and increases MT looping in the remodeled GC [39] . Thus, guidance cue-mediated GC navigation occurs in a MT dynamics-dependent manner.
However, whether MT dynamics are directly or indirectly regulated by guidance cues is still unclear. A recent study from our lab suggests that Netrin-1 directly regulates MT dynamics through the coupling of its receptor deleted in colorectal cancer (DCC) to TUBB3 during axon attraction [19] . TUBB3 co-localizes with DCC in the P region of developing spinal cord commissural and cortical neuron GCs, including both lamellipodia and filopodia [19] . Biochemical assays indicate that TUBB3
interacts directly with DCC and that Netrin-1 induces this interaction in primary neurons [19] . The Netrin-1-induced interaction of TUBB3 with DCC is dependent on MT dynamics because the disruption of MT dynamics either with taxol or nocodazole abolishes this interaction [19] .
Results from an MT co-sedimentation assay demonstrate that Netrin-1 induces MT polymerization in dissociated neurons with more polymerized TUBB3 in the pellet versus the supernatant fraction, suggesting that Netrin-1 directly modulates MT dynamics [19] . Remarkably, DCC co-sediments with polymerized MTs and Netrin-1 further increases the co-sedimentation of DCC with stabilized MTs [19] . In addition, TUBB3 knockdown blocks both Netrin-1-induced spinal commissural axon outgrowth and attraction in vitro and causes defects in commissural axon projection in vivo [19] , suggesting that TUBB3 is specifi cally involved in Netrin-1-induced axon outgrowth and turning [19] .
Intriguingly, TUBB3 missense mutations lead to specifi c axon projection defects in commissural axon midline crossing (the corpus callosum and anterior commissure), considering it is widely expressed in the developing brain.
The role of TUBB3 in Netrin-1 signaling fi ts well, albeit not exclusively, in the dysgenesis and organization of these axonal tracts in patients with TUBB3 mutations. Future studies are required to determine how TUBB3 mutations affect Netrin-1-mediated MT dynamics and axon guidance in the developing nervous system. In addition to Netrin functions, other guidance cues and cell-adhesion molecules are implicated in commissural axon guidance, such as bone morphogenetic proteins [40, 41] , sonic hedgehog [42] , Slits [43] , Wnts [44, 45] , Draxin [46, 47] , axonin-1, and NrCAM [48] .
It would be interesting to determine whether TUBB3 is involved in signal transduction cascades downstream of these guidance molecules. Since mutations of TUBB2B, TUBA1A, and TUBA8 share similar commissural axon projection defects in midline crossing, it is plausible that these tubulin isotypes also play a differential role in the aforementioned guidance signaling.
Microtubule-Associated Proteins (MAPs) in Axon Guidance
MT dynamics is regulated by various MAPs including the classical MAPs, which bind MTs along their entire length, and MT plus-end tracking proteins (+TIPs), which localize to the ends of growing MTs [3] [4] [5] 49] . MAP1B, an MTstabilizing MAP, is highly expressed in the developing nervous system [50] and plays an important role in axon outgrowth and pathfinding [3, 4, 49] . Homozygous MAP1B mutants display a striking axon projection defect in the brain, the selective absence of the corpus callosum [51] . A follow-up study using microscale chromophore-assisted laser inactivation revealed that MAP1B is directly involved in GC turning, suggesting that this is an axon guidance defect [52] . MAP1B knockdown by RNA interference in cultured cortical neurons alters the speed of MT growth in axons, resulting in axon outgrowth inhibition [53] . MAP1B binds mainly to dynamic MTs and promotes MT nucleation, polymerization, and stabilization in vitro and in vivo [54, 55] .
In developing neurons, MAP1B is prominently located at the distal part of an extending axon and the GC, where the proportion of dynamic MTs is very high [56] . Primary neurons from hypomorphous MAP1B mutant mice present a reduced proportion of dynamic MTs in the distal part of the axon [57] . Phosphorylated isoforms of MAP1B are present at the highest concentrations in the distal axon and the GC of chick retinal ganglion cells and phospho-MAP1B inactivation on one side of the GC changes GC motility, morphology, and growth direction [52] . These results indicate that MAP1B involvement in GC steering relies on its function as a regulator of MT stability and dynamics.
Interestingly, the lack of MAP1B in vivo leads to dramatic abnormalities in the pontine nuclei and major axonal tracts such as the corpus callosum, the hippocampal commissure, the anterior commissure, and the reciprocal corticothalamic pathway. Most of these defi cits are similar to the phenotypes of Netrin-1-and DCC-deficient mice [58] [59] [60] [61] , suggesting that MAP1B plays a role in Netrin-1-mediated axonal guidance. In addition, Netrin-1 stimulation of hippocampal and dorsal spinal cord explants from MAP1B-null embryos fails to induce axon outgrowth and attraction [61] . Netrin-1-directed axon outgrowth of developing neurons requires MAP1B phosphorylation through the activation of serine/threonine kinases cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase 3 (GSK3) [61] .
Thus, it is likely that MAP1B plays an essential role in promoting MT dynamics preferentially on one side of the GC during Netrin-1-mediated chemoattractive turning. We and DCC-mutants [59] , suggesting that MAP1B is involved in several signaling cascades governing axon projections in the developing nervous system. Consistent with this, canonical Wnt signaling modulates MT dynamics through a Dishevelled-dependent inhibition of GSK3β with the consequent regulation of MAP1B phosphorylation [62, 63] .
Other classic MAPs, such as collapsin response mediator proteins (CRMPs), MAP2, and Tau, are also involved in axon guidance and neurite outgrowth. For example, CRMPs, cytosolic phosphoproteins highly expressed in developing neurons, are involved in the regulation of MT dynamics and axon outgrowth [64] . CRMP1-5 associate with tubulin [65, 66] and CRMP2 promotes axon growth through direct binding to tubulin and modulating MT dynamics [65, 67] . Hyperphosphorylation of CRMP2
disrupts MT assembly in neurites and is implicated in
Alzheimer's disease [68] . CRMP2 regulates the transport of soluble tubulin to the distal parts of growing axons through binding to the kinesin-1 light chain [69] . In addition, CRMP2
is required for Sema3A-mediated repulsive signaling via the induction of GC collapse [68, 70] . Interestingly, CRMP5
forms a ternary complex with MAP2 and tubulins (α-and β-tubulin) which antagonizes CRMP2-induced axon outgrowth through a tubulin-based mechanism [66] . Thus, the interaction of CRMP5 with tubulin and MAP2 inhibits the tubulin polymerization and neurite outgrowth induced by CRMP2 [66] . While MAP2 is involved in regulating neurite outgrowth through the association with MTs and other cytoskeleton elements [71] , the role of MAP2 in axon guidance is unclear.
+TIPs bind to the rapidly-growing (+) ends of dynamic MTs, which are concentrated in the P region of the GC, and form comet-like assemblies along the ends of polymerizing MTs [3-5, 9, 72] . Many of these +TIPs are involved in a wide range of guidance signaling. For example, the cytoplasmic linker protein-associated protein Cls/Orbit/ MAST/CLASP promotes MT rescue (the change from MT depolymerization to polymerization) and stabilization in the GC and is one of the fi rst +TIP proteins implicated in Slit/Robo-mediated axon guidance via the non-receptor tyrosine kinase Abl [73, 74] . In the GC, CLASP associates with the plus-end-binding activity promotes axon outgrowth via MT stabilization, whereas the lattice-binding activity inhibits GC navigation via suppression of GSK3 activity [75] . The adenomatous polyposis coli (APC) protein, another +TIP, is a well-characterized signaling molecule that mediates the canonical Wnt/β-catenin signaling pathway. APC is highly expressed in the developing brain and concentrated in the GCs of dissociated neurons, where it binds to a subset of MTs to direct GC steering [76] . Local disruption of the interaction of APC and extending MTs abolishes GC turning behavior, including both attraction and repulsion [76] .
Wnt3a increases APC loss from MT-plus ends and induces
MT looping in the GC, resulting in a guidance defect [39] .
Although APC2, the second APC family member, does not contain the APC domain associated with MT or +TIP binding, it is preferentially expressed in the nervous system and has been shown to stabilize MTs and play a role in the ephrin-A2-mediated guidance of retinotectal neurons [77] .
APC associates with plasma membranes [78] , so it is plausible that APC interacts with guidance receptors in GCs to regulate MT dynamics and stability in axon guidance.
Most +TIP proteins associate with end-binding (EB)
proteins and require these 'core' +TIPs for plus-end tracking on growing MTs [49] . There are three EB proteins, EB1, EB2, and EB3. EB1 was fi rst identifi ed as an APCbinding protein and is required for the recruitment of APC to MT plus-ends [79] . In neuroblastoma cells, EB1 is localized to MT plus ends in neurites and GCs and plays an essential role in determining neurite length by regulating MT growth rate, growth distance, and duration [80] . Similarly, EB3 is preferentially expressed in brain, particularly in neuronal GCs, and involved in neuritogenesis via the coordination of dynamic F-actin-MT interactions [81] . Interestingly, MAP1B
sequesters EB1 and EB3 in the cytosol of developing neurons through direct interactions, which do not require MT integrity [82] . The binding of MAP1B to EB3 is regulated by phosphorylation mediated by proline-directed kinases such as GSK-3 and CDK5, but not non-proline-directed kinase casein kinase 2 (CK2) [82] . Overexpression of MAP1B in N1E-115 cells inhibits EB protein binding to MT plusends, whereas MAP1B knockdown increases EB binding to MT growing-ends and to the MT lattice [82] . The interaction of EB3 with MTs is also enhanced in the GCs of primary MAP1B-knockdown neurons [82] . The excessive EB3 binding to MTs and induction of MT looping in the GC of MAP1B-deficient neurons likely lead to changes in MT dynamics, in particular overstabilization, which impairs GC navigation and affects axon outgrowth [82] . Therefore, too much or too little MAP1B disrupts EB protein-dependent MT growth and stability in the GC and further blocks axon projection. These results suggest that MAP1B functions as a direct regulator of EBs to modulate MT dynamics during neurite and axon extension. Although these studies have shown that +TIPs are essential for the regulation of axon outgrowth from developing neurons, results from a yeast two-hybrid screen and a GST pull-down assay reveal that all three EB protein members interact with plexin-A2, B1, and B3 [83] and these interactions play an important role in regulating neurite growth of Neuro 2A cells [83] , suggesting that they play a role in ephrin/Eph-mediated axon projection. Further studies are required to determine whether other guidance receptors also associate with EBs and whether the functional importance of +TIPs in GC turning is mediated by multiple guidance cues.
MT-regulating kinesins belong to the unconventional kinesin family which modulates MT assembly and/or disassembly rather than functioning as a molecular cargo transporter. These regulatory kinesins act as either MT elongases, pause factors, or depolymerases to regulate MT organization and dynamics [84] . Non-motile kinesin-13
family members, such as KIF2A, KIF2B and KIF2C/ MCAK (mitotic centromere-associated kinesin), can also identify and stabilize curved protofilaments at MT ends to promote MT depolymerization [85] . KIF2A is highly expressed in developing neurons and KIF2A-knockout mice exhibit neuronal migration defects, abnormallyelongated collateral branches of axons, and severe sensory axon target hyperinnervation [86, 87] , suggesting that KIF2s play an important role in axonal branching and pruning during brain development. Kinesin-4 KIF21A, a cortical MT growth inhibitor, strongly accumulates in the axonal GC [88] . Heterozygous missense mutations in KIF21A cause CFEOM1, a dominant neurodevelopmental disorder associated with axon-guidance defects [88, 89] . Expression of wild-type or mutant KIF21A in primary neurons increases the accumulation of KIF21A in the GC, and reduces the proportion of the GC with a fan-like morphology and GC motility, as well as suppressing the responsiveness to Sema3F, a repulsive guidance cue [88] . Although the formation of shorter and branched axons induced by increased KIF21A levels is believed to cause alterations in axonal target innervation, the exact signaling mechanism underlying KIF21A-mediated Sema3F repulsion remains elusive.
Signaling Pathways That Regulate MT Dynamics in Axon Outgrowth and Guidance
Intracellular signal transduction pathways initiated by different guidance cues likely engage in cooperative crosstalk during axon guidance, which eventually converges on the modulation of MT stability and actin dynamics. Several key regulators appear to regulate MT dynamics directly in GCs [39, 73, 90] . For example, GSK3 is involved in multiple guidance pathways including the Wnt, Netrin-1 [61] , Sema3A [91] , Slit2 [92] , and neurotrophin pathways, and it is known to regulate MT dynamics and assembly by phosphorylating multiple MAPs including APC, MAP1B, CRMPs, CLASPs, Tau, MAP2, and stathmins [4, 93, 94] . In general, inhibition of GSK3β-dependent phosphorylation of these MAPs directly modulates MT behavior which affects axon outgrowth and guidance. In the axonal GC, GSK3β-mediated MAP1B phosphorylation is required for maintaining MTs in a dynamic state and axon outgrowth and pathfinding [95] . Netrin-1 regulates mode I MAP1B phosphorylation and MAP1B activity through GSK3 and CDK5 both in vivo and in vitro [61] . MAP1B is required for
Netrin-1-mediated chemoattraction in vitro and in vivo.
Slit2 induces GSK3β phosphorylation and inhibits neurite outgrowth in adult dorsal root ganglion neurons [92] . In addition, the sequential phosphorylation of CRMP2 by CDK5 and GSK3β is necessary for Sema3A-induced GC collapse through MT reorganization [68, 70] . Inactivation of GSK3β by Wnts results in a significant decrease in the phosphorylation of MAP1B [63, 96] , which leads to an increase in MT stability affecting axon outgrowth. The effects of Wnts on MT dynamics and GC behavior could be achieved through inhibition of phosphorylation of other MAPs induced by GSK3β [97] . Inactivation of GSK3β reduces CRMP2 phosphorylation, increasing its ability to bind tubulin and promoting MT assembly, whereas APC phosphorylation by GSK3β reduces the binding of APC to MT plus-ends [90, 98, 99] .
Interestingly, NGF-induced axon growth is dependent on local inactivation of GSK3β at the distal axon, which results in the accumulation of dephosphorylated APC at MT plus ends and the promotion of MT assembly [90] . However, suppression of GSK3 activity to a greater extent inhibits axon growth in embryonic cortical neurons, suggesting that a precise balance of GSK3 activation and inactivation is required for efficient axon outgrowth in the developing nervous system [75, 100] . This dual function of GSK3 on axon growth is mediated by its physiological substrate CLASP2 [75] .
Mitogen-activated protein kinases (MAPKs) control the phosphorylation status and activity of several MAPs and are implicated in the regulation of axon outgrowth, guidance, and regeneration. c-Jun N-terminal kinases (JNKs) are strongly expressed in the developing nervous system and play an important role in axon outgrowth and guidance in vitro and in vivo [101, 102] . JNK1-deficient mice reveal defects in anterior commissure formation and axonal MT integrity [101] . JNK1 has recently been shown to play an essential role in Netrin-1-mediated axon outgrowth and attraction [102] . Activated JNK is strongly expressed in spinal cord commissural axons before and as they cross the floor plate [102] . Bath incubation with Netrin-1 dramatically increases the level of endogenous phospho-JNK in commissural axon GCs [102] . Netrin-1 increases JNK1 activity in the presence of DCC or Down syndrome cell adhesion molecule (DSCAM), two Netrin receptors, and the expression of both receptors further enhances Netrin-1-induced JNK1 activity [102] . Netrin-1-induced JNK1 activity is blocked by inactivation of the JNK pathway both in vitro and in vivo [102] . DCC collaborates with DSCAM to regulate JNK activity in Netrin signaling [102] . Netrin-1-induced axon outgrowth and attraction is inhibited either by JNK1 knockdown or a JNK inhibitor [102] . Expression of JNK1 shRNA in ovo causes defects in spinal cord commissural axon projection and pathfinding [102] . These studies indicate that JNK1 is specifically involved in the coordination of DCC and DSCAM in Netrin-1-mediated attractive signaling. Furthermore, JNK-defi cient mice exhibit hypophosphorylation of MAP1B [101] , suggesting that the JNK1 pathway is specifi cally involved in axon guidance via regulation of MAP-mediated MT dynamics in the GC.
Many JNK substrates are MAPs, such as doublecortin (DCX), superior cervical ganglion 10 (SCG10), and Tau, which control MT dynamics and stability in the GC. DCX, a MAP expressed in the developing nervous system, plays an important role in neuronal migration and axon guidance [103, 104] . DCX is enriched in axonal GCs [105] and stabilizes MTs in developing neurons [104, 106] . Although DCXknockout mice display defects in axon tracts [104] , there is no direct evidence to link DCX to specifi c guidance cues.
Whether the effects of Netrin-1 on axon outgrowth and pathfinding might be mediated through the JNK-DCX-MT dynamic pathway needs further evaluation. SCG10, a MAP in axons, is also a JNK substrate and plays an important role in axonal outgrowth by modulating MT stability [107, 108] .
In developing neurons, phospho-JNK1 and SCG10 are enriched in GCs [102, 109] and control the balance of MT assembly and disassembly via the sequestration of tubulin dimers or the severing of polymerized MTs [110, 111] . SCG10-mediated regulation of the GC MT cytoskeleton is also involved in EphB-mediated axon guidance [7] . Whether the JNK-SCG10 pathway is involved in Netrin signaling is not clear. Tau functions as a MAP and is differentially localized in the distal end of the axon [112] . Downregulation of Tau levels in neurons using antisense oligonucleotides inhibits axonal outgrowth [113] . Interestingly, Tau-deficient mice exhibit normal brain development [114, 115] due to possible compensatory increases in MAP1A [116] . Mice devoid of both Tau and MAP1B suffer premature death and manifest significant neuronal and axonal defects [117] . Tau stabilizes
MTs through the regulation of tubulin-tubulin interactions along the protofi lament [118] and promotes MT stability within the axon [118] . However, it remains unclear how Tau regulates MT dynamics in axon guidance. Tau actively interacts with various signaling partners, including Src-family kinases, phosphoinositides, and PLCγ [119] . Phosphorylation of Tau within its MT binding site at Ser262 by Ca 2+ -calmodulindependent protein kinase II (CaMKII) is required for Wnt5a-mediated axon outgrowth and repulsion through modulation of dynamic MTs in the GC [120] .
Localized cytosolic Ca 2+ signals in the GC are known to mediate axon turning [121] [122] [123] [124] [125] . [121] . CaMKII/CaN has been shown to mediate multiple guidance signaling, such as Netrin-1, Sema2a, and Wnts [126, 127] , indicating that differential activation of CaMKII and CaN phosphatase is specifically involved in GC steering. It is well known that tubulin proteins and MAPs, such as MAP2 and Tau, can be phosphorylated and dephosphorylated by CaMKII and CaN-PP1, respectively, which affects MT assembly, stability, and dynamics in the GC [128] [129] [130] . Therefore, differential activation of the Ca 2+ -dependent CaMKII/CaN pathway controls GC navigation depending on asymmetric local modifi cation of MT stability and dynamics in the GC. Indeed, Wnt5a gradients can induce CaMKII-dependent asymmetric redistribution of dynamic MTs in the GC, which is required for Wnt5a-mediated axon repulsion [120] .
The Ras superfamily of small GTPases, consisting of Rho, Ras, Rap, Arf, Sar, and Ran, also plays a crucial role in controlling axon turning via modulation of the F-actin and MT dynamics in the GC [4, 5, [131] [132] [133] . Local stimulation with guidance cues or extracellular adhesion molecules triggers asymmetric signaling of the Rho family GTPases RhoA, Rac1 ,and Cdc42, which in turn locally modulate actin and MT assembly, disassembly, and organization in the GC to orient axon outgrowth and projection [131, 134] . Several MAPs, Short Stop/ACF7, MAP1B, CLASPs, CRMPs, and APC, are regulated by multiple small GTPases [4, 5, 131, 135] .
Therefore, the asymmetrical localization and redistribution of guidance receptors in the GC in response to guidance cues or adhesion molecules may lead to the assembly of an asymmetrical signal complex including small GTPases, MAPs, and MTs to polarize GC navigation [134] .
Final Thoughts
A 'search and capture' model of MT regulation has been proposed for more than two decades [136] . In this model, exploring MTs in the cytoplasm are captured at specific cellular sites and transiently stabilized to initiate several biological processes, such as directing vesicle traffic and chromosome separation [136, 137] . GC turning is preceded by 
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